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NOTICE 
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by implication or otherwise as in any manner licensing the holder or any other person 
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-i. 



PBWPWWWPTi mmmftrw ■,i'Mai",<"-m^""MJK«wHvnHppipii«ip<«ipw 

AFALTR7394 
PART II 

0.85 MICRON SOLID STATE LASER 
MATERIAL EVALUATION PART II 

E P Chicklis, R C Folweiler, C.S. Naiman, et al 

DISTRIBUTION LIMITED TO UNITED STATES GOVERNMENT AGENCIES ONLY; BY REASON OF 
INHl USION OF TEST AND EVALUATION DATA; APPLIED OCTOBER 1973. OTHER REQUESTS 

FOR THIS DOCUMENT MUST BE REFERRED TO AFAL/TEO, WRIGHT PATTERSON AFB, OHIO 45433. 

- --—     —^— :  —  '    -- ■       -"   '-     -- - 



""■■ ■' immmmmmmmm 

FORLWORÜ y 
This is the second semi-annual report on Contract F33615-72-C-2065 

and covers the work prrf"ormed to evaluate the 0.85 micron solid state 
laser material Erbium:Yttriurn Lithium Fluoride.  The work on the first 
part of the program is described in AFAL-TR-73-94 (Part I).  The first 
part of the series does not have a part designation. 

This contract is sponsored by Advanced Research Projects Agency 
under AßPA Order No. 2075.  The amount of the contract is $155,270. 
The inclusive dates of the research reported are 5 December 1972 to 
5 June 1973. 

Mr. Richard L. Remski (TEO), Air Force Avionics Lab, Air Force 
Systems Command, Wright-Patterson Air Force Base, Ohio is the Project 
Monitor of this program. 

These studies were carried out at Sanders Associates, Electro- 
Optics Division, Merrimack facility.  Subcontracting services were 
provider! by the Center, of Material Sciences and Engineering, Crystal 
Physics Laboratory, Department of Electrical Engineering, Massachu- 
setts Institute of Technology. 

Dr. L. S. Naiman, Manager - Laser Systems Department is the 
Project Supervisor and E. P. Chicklis and P. C. Folweiler are the 
principal investigators.  Mr. J. C. Doherty assisted with the laser 
measurements and Ms. S. Lichtensteiger the spectroscopic measurements. 
The subcontracting efforts were directed by Dr. A. Linz.  Crystals 
were grown by Dr.D. R. Gabbe and R. Mill:.  Dr. H. P. Jenssen assist- 
ed with some of the spectroscopic measurements and analyses. 

The views and conclusions contained in this document are those of 
the authors and should not be interpreted as necessarily representing 
the official policies, either expressed or implied, of the Advanced 
Research Projects Agency or the U. S. Government. 

This technical report has been reviewed and is approv- 1. 

AMOS H. DICKE, Chief 
Electro-Optics Device Branch 
Electronic Technology Division 
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ABSTRACT 

This second semi-annual report dpscribes the current status of 

the program for the development of a room temperature, n.85 micron 

optically pumped laser material:  Er:YLF.  Substantial proqress has 

been made in defining the physical, spectroscopic and Ustr charac- 

teristics of this material.  The measured value of the stimulated 

emission cross section is 1.5 x 10   cm .  Laser oscillations in this 

material are predominantly n   polarized.  Long pulse operation at up to 

33 pps is reported.  The maximum observed output power was of 0.25 

watts at 11 pps from a 5.5 x 52 mm 2%   Er rod. 
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1.0  REPORT SUMMARY 

The results of the second six months of an eighteen month program 

to investigate the physical, spectroscopic, and laser properties of 

Er3+:LiYF (YLF) arc presented.  Laser oscillations at 0.85 urn are 

obtained in this optically pumped solid state mateHal as the result 

of stimulated *S3/2   -   ^^^ transitions in the Er  ions, 

objectives of this program are: 

The 

a. Measurement of pertinent thermal and mechanical properties 

of this material. 

b. Measurement of spectroscopic properties of interest with 

particular attention to quenching of the terminal state lifetime. 

c. Measurement of the laser operatino characteristics of 

5 x 50 mm laser rods with particular attention to average power 

capabi1ities at 20 - 30 Hz. 

1.1  ACCOMPLISHMENTS 

The major accomplishments during this phase of the program 

i nclude: 

I.  Laser Operation: 2% Er:YLF 

The maximum power observed in t 5.5 x 52 mm rod was 0.25 watts 

(11 Hz); the average output power under these conditions approximately 

equalled the sinole shot output eneray times repetition rate.  The 

maximum repetition rate observed was 33 Hz.  In a 3 x 23 mm rod 40 mW 

was obtained at 20 Hz with 320 watts input.  Q switched operation of 

a 3 x 23 mm rod was obtained (KDP/Calcite ■ with and without the 

polarizing element. 

1 
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I I.  Polarization, Wavelength of Oscillations and Beam 

Pi vergence 

The measured wavelength of laser oscillations at 2 x threshold 

in a 3 x 23 mm rod operated at 5 Hz was 

• ■ 0.8502 0.0002 urn, 

Laser oscillations are n polarized; however, as the emission spectrum 

exhibits a a line (n/a ■ 2.5) a polarizing element in the resonator 

may be required at high inversion.  Estimates of the beam divergence, 

visually determined with an image converter, are between 1 - 2 mr with 

no apparent increese with average power loading. 

III.  Spectroscopic Analysis for Laser Optimization 

The stimulated emission cross section was measured by the method 

of Kushida et al. and found to be 

-1 9  2 
a = 1.5 x 10  cm  for the n polarized line.  Investigation 

of means to quench the terminal level lifetime using samples co-doped 

with Tm  and Pr  are summarized.  With as little as IX Pr added to a 

2%   Er crystal the terminal level is quenched by a factor of 35 

(1 ifetime < 400 i.s). 

■'- —.—■■i--.^    —- ^—-^^, ^ ....- -.^-  



2.0  INTRODUCTION 

Laser operation at 0.85 t>l 
is obtained in Fr34 : YLF( 1'? ) via stimu- 

lated 4S   , «^   transitions in this optically pumped material. 

YLF (UYP^) is a fluoride host of the tetragonal Scheelite structure 

(CaW04) with a c/a ratio of 2.08.  Crystals of arbitrary amounts of 

Er3+ substituted for the Y3+ site can be grown (up to LiErF4). 

YLF crystals are grown by the Top Seeded Solution tecnnique (3)from a 

L1F rich melt in an inert atmosphere (He).  A detailed account of the 

growth technique is presented in (4,5). The physical and mechanical 

properties of YLF measured on this and other programs Iff prtStnttl «" 

Table I for reference. 

Interest in the development of an ootically pumped solid state 

Ustf material at .«5 microns stems from the potential of obtainino a 

source of very high brightness in a nnpvisihU- wiVtUnqth r-nion for which 

excellent point and imacnng detectors have been developed.  The feasi- 

bility of an Er3+:YLF laser system must be evaluated in the context of 

the performance capabilities of such a system compared to that attain- 

able using existing sources . 

AUhough a complete systems analysis is not on appropriate part of 

this program, it is insmuctive to consider approximate laser porfor- 

„ne. goals for this material with which a competitive systems c,pa- 

^Ufcttt... ii riii-Bi^- -  - —   -  -   - -     . -^. > _ _ , . 
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TABLE   I 

PHYSICAL PROPERTIES OF LiYF4 (YLF) 

MECHANICAL 

Density (am/cm ) 
(undoped) 

w-YLF 

HdrdnebS (Moh) 

2 
Elastic Modulus (N/m ) 

Poissons Ratio 

YLF 

3.99 

5.07 

4-5 

7.5 x 10 

0.33 

10 

Strength 
(Modulus of Rupture 
Kg/cm ) 335 

THERMAL   (300C,K) 

Thermal Conductivity 
(W/cm - 0K) 

Thermal Expansion   , 
Coefficient -(0C  ) 
0-100oC 

0.06 

a axis 
c axis 

13.8 x 10. 
9.0 x 10 

OPTICAL 

Index of Refraction 
( • - 0.6 urn) 

UV Absorption 

CRYSTALLINE STRUCTURE 

a - a xi s (8 ) 
c - axis (8) 
c/a rati o 

N  ■ 1 .443 
N0 ■ 1 .464 
e 

<0.2um 

Tetr. (Scheelite) 

5.167 
10.735 
2.078 

■»■  ■■■■■■iliiiii ■  -' — mmmmttmumm ■ - - - 
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bility appears attainable.  Tt.ree cases arc di U i nnui shed : 

( a )  Peak Power 

Applications for hiqh peak power sources include ranne finders and   j 

tarnet desionators.  The source/detector combination for the former is   | 

Nd:YAG/Si Avalanct.p and for the latter rid:YAr./Si Ouadrant.  At 0.«5 um   i 

Si detectors (avalancne and quadrant cells) are superior by about a 

factor of three in sensitivity(5 ) and considerably lower in cost. 

Neqlectinn the somewhat higher bad around radiance of the sun at, 

Ü.85 Mi and the slightly hioher scatterinn coefficient (ö.85/ol.06 

1.1(8)), rougnly 1/3 the transmitted peak powe. is required at 0.85 

compared to 1.06 for equivalent systems performancp. 

( ^ )  Average Power 

Applications which require average power generally Involve imaoina 

systems (nated active viewino, for example).  because of the poor 

imaging capabilities at 1.06 Mi (S- 1 -es pons i vi ty • I x K)"' amps/watt), 

Nd:YAG systems are impraccical.  Instead PaAs diode  arrays conled to 

770K (A - 0.85 ,.m) are utilized in conjunction witu extended rod S-20 

surfaces (responsivity > 10'2 amos/watt).  Such arrays are canable of 

radiating - 30 watts into a 1« F0V(9), corresponding to an irradiance 

of 1.4 x 104 watts/ster.  Tne same target irradiance can be obtained 

witn 1 mr F0V utilizing Er3+:YIF with only 1? »« transmitted. 

(c) Energy 
Applications which require only enerry in a sinolo pulse are 

restricted to photographic systems.  Use of Fr3+:Y1F for active, covert 

photography presents substantial inproveinent over CaAs .  Because of the 

relatively larne amount of energy in a short nulsr available in Fr  :Y1F 

short exposure times in photographic system? car bo obtained. 

5/6 
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3.0   CRYSTAL GROWTH 

A rather extensive description of the growth technifiue en'tloyed 

for obtdininq the YLF crystals utilized in this pronram is discussed 

in Technical Report AFAL-TR-73-94 entitled "0.85 Micro« Solid Stcte 

Laser Material Evaluation."  During this period the followinq crystals 

were qrown. 

Sample N^o 

454 

450 

449 

448 

M.I T. No 

196f 

191f 

190f 

178f 

Composi ti on 

1% Er: 0 ,5t Pr 

17, Er: 2%   Pr 

17. Er 

2 7 Er - 1" Tin 

Size 

Spectroscopic 

Spectroscopi c 

Spectroscopi c 

5.5 x 5.5 x 54 mm 

In this report we will present some aspects of the problem of 

obtaininn high optical quality crystals.  The types of defects observed 

are bubbles associated with a core and a fine precipitate.  It must be 

emphasized that the presence of these defects at the density normall.' 

present does not prevent laser action, nor have we found any correla- 

tion between the presence of these inclusions and the susceptibility 

of the material to Q-switched damaoe. 

It is believed that the buobles are He gas exsolved from the melt. 

Bubble fomatlon is probably assisted throuqh nuUeatinn on an impurity 

------- ■'   :-..-J—-  *" 
' —„,-■- 
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site or Other «elt disturbance and trapped on the sliqhtly concave 

crystal melt interface.  We have recently chanced over to use of hiqh 

purity Ar (99.9995<) now commercially available fro.n Matheson and other 

suppliers at a reasonable cost) which is less soluble than He in the 

nuoride melt, and therefore should yield crystals with a lower bubble 

density if exsolution of 9aS is a contributinn factor.  Fvaluation of 

Ar as the furnace ambient is not complete and Us effect on bubble size 

and density is not yet known. 

Attempts have been made to analyze the core material of the 

bubbles using the electron nncroprobe.  Results to date have been incon. 

elusive in terms of ident.fying specific elements concentrated in the 

inclusion.  However, the results have 
indicated the presence of trace 

K. Ca, 8a, *.. "9, SI. in both th. inclusion and bulk ..UH.I. The 

electron .1cropr.b. data at this noint is on,, qualitative, aceeeino 

)„ this sense with n,ass spec troaraphi c analysis reported earlier. 

The fine precip.tate has not been adoooately characterized.  Possi- 

bimies are that it is colloidal to subnncrcn in size and sometimes 

oriented as suqnested by its appearance when viewed by scattered liaht. 

Formation ,f a precipitate certainly reouiros an i.purUy to be present 

and often two.  For exa.ple, in sodi» fuoride an oxi de-beari nn precp. 

Mt, „m rot form at concentrations outside the fluoride solubility 

„.It unless an impurity such as „aonesiuin is also present.  In other 

„„rds, in the polyco.ponent syste., LiF-YF3-V2n3-KFX, where H is an 

impurity «t.l ion and , reflects Us valence, the solid phase »,0^ 

„,,1 exist in epuilibriun, with .olid LiYF, at extremely low H and 0 

concentrations.  The law „f mass action applies; increasinq either the 

n   or 0 concentration .111 dfWt the system towards formation of a 
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„.eipiut.. .„ th. .h..«c. .f th. .ff.n-1., «t.nu l-P-rUy. tN. 

pr.e,pU.t. -lil ».t f". E,«nibr.t1.n ..d pr.c.PU.t1.B «« tN. 

solid p.... are r.ac.e. .1..,, .- on,v .P.v. a cK.r.Ct.rl.tl. te.pera- 

ture  «e K.« observe, the fll-l», behavior tB the deveio^ert of 

traces„fa pr.c1p1t.t. 1« »U.  The s.an houie orown U, Cean the 

..„ 5urface which is ^   („uiied, at a hinher rate (ah„Ut ^/hour) 

tha„ the iaser crysta,  is not -.ffectod hy preci hi ta t ion .  Mneaiin, 

of tM. dear „aceria, ciose te the «U1., Point resuits in the f.r- 

mation of a precipitate.  The anneaTino ..p.r,.«« are inco.Piete, 

pitation can occur in  the hot crystai Just hehind the ^elt-soi,h 

1nterface.  The effect of an increased orovth rate is to shorten the 

tin,e the material spe„ds ahove the character,stic te.peratore. thereh, 

1(mU,ng the a.oont of precipitation which can ta.e niace.  The use 

of Mgher „rowth rates (,.6 .»/hour as opposed to the , ../hour co-oniy 

tinated in an attempt to mini.nze the precipitat,on 
used) is heinq inves 

.henomenon without enterinn a re 
nion of Kijh orowth rate-related defect 

formati on 

9/10 
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4.0  SPECTR0SC0PY 

Spectroscopic measurements were made in order to determine the 

stimulated emission cross section of the laser transition.  Quenching 

of the terminal level lifetime with Pr3+ was investigated and an analy 

sis of the effects of the long terminal lifetime on laser operation 

conducted . 

4.1  Er3+ ENERGY LEVELS 

3 + 
ow The positions of the pertinent Er  levels were determined by 1 

temperature (4.20K) absorption and emission spectra in order to iden- 

tify the participating levels of the laser transition.  Positions of 

these levels ( S3/2,  I^^. ^TS^ 
are tabulated in Figure  1.  Note 

that the positions of the ^^^ and dI15/2 levels differ from those 

reported by Brown, et al.^10^by some 25 cm"1. 

4.1a WAVELENGTHS OF THE LASER OSCILLATIONS 

Measurements of the emission wavelength were made using a SSR 

Optical Multichannel Analyzer (OMA) and verified with a JarrelI Ash 

1/2 meter grating monochromator (590 £/mm).  The laser was operated at 

5 pps at  2 x the threshold energy.  The OMA provided a real time 

display in 500 channels, with a resolution of 5 A0/channel.  Only one 

laser line centered at 0.85 um was observed with this instrument. 

11 
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More careful measurement of the oscillation was made with the Jarrel 

Ash manually scanned in the region of interest.  The wavelength of 

the emission was found to be 

X --   0.8502  '  0.0002 um 

with the observed linewidth of the emission instrument limited.  This 

corresponds to the center of the fluorescence line strongest in the 

n spectrum (Figure  2).  From the level positions at 4.20K (Table II), 

three possible transitions can be identified within the room tempera- 

ture linewidth of the .8502 um peak identified in Tab,e II. 

TABLE II 

P0SSIBLL LASER TRANSITIONS at .08502 J 0.0002 MM 

TRANSITION 

WAVELENGTH 
AT LINE CENTER * 

0.8504 » 0.0003 

0.8497 I 0.0003 

0.8507 J 0.0003 

♦Determined from low temperature (4.20K) fluorescence; 
the line center shift at room temperature is believed 

to be smal1 ■ 

4 2  STIMULATED EMISSION CROSS SECTION FOR THE .8052 wm LASER 
TRANSITION IN Er:YLF 

Basically the method of measuring the cross section for a four 

level laser is: 

1.  Measure absorption cross section from ground state 

to upper laser level (oj.  This cross section is 

equal to stimulated emission cross section for tran- 

1 
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2. 

sition frei upper laser level to ground state 

provided the level degeneracies are the same. 

Measure ratio of the intensities o 
f laser 1ine and 

transition of known cross se 

We then have 

ction:  It/la 

I 
Ai        a 

or o a rt     Xa 

which is valid for the .85 »« laser transition in 

4        4T 
Er3+:YLF as the levels in  S3/2 and  l^j^ 

and 

I are   all   doubly   degenerate 
15/2 

3+ 4 and 

4S 3/2 

The positions of the energy levels of the Er  I l15/r  1,1/2 

nifolds are shown in Figure 1.  The laser transition is th. 

transition at .8502...  Also the E, ► B6at .8497 u. and the 

nouuh that they would contribute, hut 

mat 

E  ^ B  at .8507 »■ are close e 

to be much weaker than the E, • B4 transition 
Tn order to 

they seem 

estimate the cross section of the E1   Bd 

.orption transition.  This transition is observed in 

i: , transition, use is made of 

the A4 - l1 absorpnun k»...-..  

b,W .bsorption an. f.uoroscence at roc» temperature and .. «11 

separated fro. other nres.  Mso. ^oce t.e strömst e^ss.on at .850. 

is .r-polarized, only the cross se 

be considered. 

:tion for the n-polarized linht will 

im 

15 
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..      4     + 4    polarized absorption spectrum 
Figure 3 shows the  Ilb/2   »3/2 1JUId' 

at .oo«, temperature.  Th. », • E, transition .. indicat.,1 by an arrow. 

The peak absorption coefficient (.) for tins line is 0.« en  .  The 

Er ion density is 2.6. x lü20«3 for ?     cohcen.rat i on*  The absorptioo 

cross section is simply the absorption coefficient per atom „flained 

from . and the population of the lower level.  At room temperature the 

A4 population density is obtained from 

A 
]exp "'kT »/, 

wh ere Z is the partition function of 4I1[j/? at roOi temperature, 

and g is the level degeneracy of A4 (=2): 

7  ■   .g . exp (' i/kT) 

■  9.6 

then 

in20    2_ji£_il^5ilOl) 
2.65 x 10   x   t~f% 

19   -3 
4.24x10   cm 

fro« which we obtain the absorption cross section 

-20   2 
1.95 x 10   cm 

To find the emission cross section for the 8502 A lint, the 

tio of the fluorescent intensUy of the E1 *  A4 and the 

- ». lines were measured.  A spectroscopic sample with 

ra 

E -1  -4 ■ 
]/2%   Er was ustd to mimmize the radiation trapping of tne 

+Er3+ concentration in the melt 
16 

  - - - - - - - ■■  —■'  ^-^..V.-^AJ 



—"■ m^mm ■~*w 

Figure   3 
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E« • A. fluorescence.  The detection system was calibrated 

for relative response versus wavelength with the use of a 

calibrated  DXW 1000 W lamp.  The result was: 

1 (E1 ! B4) 
i~TE1 : A4T 

2.0 

The stimulated emission cross section for the laser line is 

then : 

0A x 1 

"^ 1 
in   TT   polarization 

»  rtr • A^T 

The experimental uncertainties in the emission cross section 

measurement include contributions from the determination rf the 

absorption cross section (A- -* E,) and the fluorescence branch- 

ing ratio.  The former measurement is believed accurate to within 

5%, the sources nf error being the A  level population and the 

optical density measurement.  The fluorescence branchina ratio 

measurement utilized a calibrated tungsten lamp for which the 

relative radiance between 0.85 um and 0.55 um is known to be 

better than  5%. 

A larger potential source of error arises from possible 

contributions from the Ep - B, and E2 ♦ B-, transitions whose 

line centers fall within the linewidth of the room temperature 

emission centered at .8502 ym.     Emission spectra  at 4.20K 

(where the l?   population is negligible) and above revealed a 

gradual broadening of tne emission witnout evidence of addi- 

tional structure w; th temperature.  Th« extent of the line 

broadening from 4.t to 300  k was similar to the increased 

IS 
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width of other lines.  Thus, the two F2 transitions appear to 

be very weak and were not included in the n   calculation. 

In conclusion, the stimulated emission cross section for 

3 + 
the E, • A. transition in Er  :YLF is 

-19  2 
1.5 I 0.2 x 10   enr 

in IT polarization (parallel to the C axis). 

4.3   QUENCHING OF THE TERMINAL LEVEL 

In an earlier report ^   '  the effects of c^-Hopino with 

Tm3+, Hc3+( Tb3+ and Pr3+ on the terminal Wei ( I^^) wor(' described. 

Table Illshows the effects of co-doping on the lifetimes of interest. 

It is seen that only Pr in concentrations of ■ M  yields the desired 

effect, viz. reduction of the terminal level lifetime without serious 

degradation of the storage time of the upper laser level ( S^). 

The pertinent lifetimes of samples of lower Er concentration are 

aUo presented in Tabl« III.  Quenching factors for  ^3/2 were obtained 

by comparison of the 4Il1/2 
and 4li3/2 arriPlitudes ]n   a ^"t^ doped 

reference sample (Er:YLF) to that of tne multiply doped sample. 

4.4   EFFECTS OF LONG TERMINAL LEVEL LlfETlMj 

Altnouqh the 4I13/2 lifetime can be substantially reduced by the 

addition of Pr3+, it does not appear possible to quench this level so 

that its decay rate is comparable to the pumpinn rate of the level in 

Q switched operation.  There are at least three potential problems 

associated with a long terminal level lifetime: 

19 
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TABLE  III 

UPPER AND LOWER LEVEL LIFETIMES OF ER:YLF 

Sample 
Number Compos i ti on 

Quenching 
Factor 

113/2 lU/2   Ll 

13 • 1 

fetime 
(ms) 

♦s ̂
3/2 

200 

Li fetime 

(PS) 

391 21 Er m 1 20 

442 2 Er-1 Tm 11 1 .1* 90 1 20 

139 2 Er-2 Tm 18 0.7* 70 1 20 

444 2% Er-1 Pr 35 0.4* 170 • 20 

445 2 . Er-2 Pr 50 0.25* 110 1 20 

411 2% Er-2 Tb 7 1 .8 120 I 20 

436 2% Er-2 Ho 6.5 2 155 • 20 

449 n Er ■- 13 t 1 350 • 25 

450 i% Er-2 Pr 50 0.25* 250 • 25 

458 22 Er-0. 5^ Pr > 30 <0.4* 225 * 25 

Inferred from fluorescence amplitude measurements, estimated accuracy 

to within a factor of !'. 

20 
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4.4.1 INVERSION SATURATION IN RLPETITIVELY PULSED OPERATION 

At 33pps the interval between pulses is   30ins ; between pulses 

the level decays by exp (-3), or to 0.05 of the initial value.  Addition 

of very small amounts of Pr, say 0.5'/, provides for complete do-exci- 

tation of the level between pulses.  Note, however, that operation at 

33pps has been demonstrated in it   Er:YLF without evidence of terminal 

level population buildup. 

4.4.2 DEPOPULATION OF THE GROUND LEVEL 

In the ideal case all excited levels would exhibit lifetimes 

much shorter than the flashpulse duration except for the upper laser 

level (Nd:YAG, for example).  Then during the flashpulse all excited 

ions either feed the upper level or recycle to the around level.  In 

Er:YLF ^-iw? and 4l13/2 are Very lon9 1lved ^ ms 1ifetimes)' ioris 

which are pumped to these levels by the flashlamp or by non-radiative 

decuy cannot be utilized.  The result is an effective decrease in the 

active ion density available for pumpinn, the effects of which on laser 

operation are not yet known. 

4.4.3 INVERSION REDUCTION:  SINGLE SHOT 

In sinqle shot output the population of the terminal laser mani- 

fold, 4In/o. increases with each stimulated or spontaneous transition 

to that level.  In experii,ents with the 4S3/2 -  I^^ laser transition 

in Er3+:YAlü3  Weber^
12^observed saturation of the 0.85 um laser output 

in IX Er rods at only a few mj output.  Tnis was attributed to suffi- 

cient population buildup of the lona lived (-5ms) terminal level in 

this host to quench the inversion. 

21 
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This effect has not been observed in [r3+:YLF.  Up to ,50 mJ has 

been extracted from a 5 x 30 mi 21 Er rod in lonq pulse(1).  It is 

shown below that as a result of the terminal level splittinq and the 

relatively slow pimping rate of ^^^ in the absence of lasino, the 

lonq lived terminal level has a neqliqible effect on the extractable 

energy in Er:YLF. 

4.4.3.1 Threshold Condition 

The well known threshold condition for a laser osci11 a tor(13) 

R exp 2* (o - «) • 1, a ■ ANa 

can be written as 

AN -InR 
2lc + 5/o 

where 

R = 

ü = 

6 = 

o = 

AN 

coupling mirror reflectivity 

rod length 

loss/cm 

stimulated emission cross section for the laser 

transition ■ 1.5 x KT^C»2 

population inversion required at threshold 

For v = 50 mm, R = 70%, 6 = ]%/c m 

17 aN1 - 2.9 x 10^ cm'0 

between the upper and lower laser levels to maintain läse, 

osci 1 lations. 

2? 
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4.4.3.2 Two Level Laser - no Fluorescence 

We assume N? is pumped öbove threshold and all the transitions 

out of n2  are stimulated (i.e. no fluorescence).  Furthermore, we 

assume N, also has an infinite lifetime.  Let n denote the number of 

N *N  transitions.  Since each transition reduces the inversion by 2 

we have 

ANf = .N1 - 2n 

where 

ANf (and) AN1 are the final and initial inversions after n transitions 

Thus the number of stimulated transitions is simply 

AN1 - ANf 

Laser oscillations can occur between these two levels until 

ANf = ANT 

Thus in the case of an infinite terminal level lifetime of a 

singlet lower manifcld only 1/2 the inversion above the threshold 

inversion can bo extracted.  For a very rapid terminal level lifetime 

each transition decreases tne inversion by 1 and the full excess 

inversion can be extracted, n ^ AN  - AN . 

23 
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4.4.3.3  r».Tt.  -f Ttmlnll   WjlUfK SP1tU1»J 

ngure   -s.ows   the   posit,.,,,   of   the   .nitUl   andfina,   U.T  U..H 

„  tK. «S1/2 ..* »t,^ "•"•"••     -to   that   the   t^na,   ,eve,   of   the 

tr„.Ul0B  r...-«  .0«  »»  «-'.*."  »H.  )«..»  '.^   •'"«•  ""« 

„CU.,   „Mf.ld.     The   panUioo   fuhctio,,   of   the   ...if.ld   at   ro„™   te.,- 

rature     2,   is   4.6   and   the  occupatioo   factor   of   the   tennina!   laser 
pe 

level   {B4) is     (neglecting   the   common   two-fold   level   degenerac ies ) 

exp (-139/107) . 0 ,! 
Z 

^^^.al.elaxat.on time .etwee.l.vels in the manifold is much 

faster than thc til,ie frame of normal mode o. non-mode locked 0 switched 

pulses   As a result therma1ization is assured durinn oscillat.on. 

Then for ev.ry striated transition the terminal 1-1 (B,) pooulat.on 

,„cr..S.»by0.11.  For each transition n the chan.e in .nvers.on 

tween the laser levels (assuming singlet upper manifold) tl 
be 

or 

.NT „ ANi . Lim 

T.n 

tracted as laser output 
Thus 901 of the initial excess inversion IS ex 

independent of tne pumping level above threshold. 

4.4.3.4 Eif^oXli-^ce^^^ 

Irl addition to the buildup of the terminal level population du. 

to Stimulated transitions, the e 
ffects or   fluorescence and non-radia^ 

tive decay cay must be considered.  Population buildup in  l^^ is Hue to 

24 
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f1uores 
non-radTdtive decay by tnultiphonon relaxatmn, *V2 ^y? 

cence. and 4S3/2 concentrat. on quenchin,.  MuUiphonon relaxation fron, 

states between *Sy2   and \m   can be nenTected as the cascade is very 

,101. due to the \1/? Internate state which has a ^ms Uf.U*.. 

The rad.ative lifetime of 4S3/2 is so.e eOO.s (inferred fro. 4.2°K 

lifetime measurement in 0.5V Er) for all transitions.  Since the 

• 1, the s 
4-     4 

3/2 3/2 

radi ati ve ra 

^ 4I    • 4Iir ,0 branching ratio is 
3/2   ll3/2 '  ll5/2 

te is probably less than l03/sec.  That is, the upper 

4 •   A.,a   tn fiimresrence is   lO3 sec"1 neqlectinq 
limit for  ^3/2 P«'iP1,,9 due to florescence 

£ '  4r    4T  (Weak),
4I . ,- (very slow), and all states 

transitions from  Fg/2, 
l
9/2[*        '        11/2 v   ' | 

above 4S,/? (most of which rapidly relax non-ra 
4 

diatively to ^2/2^ 

However, tne fluorescence MfttiW of *Sy?   at room temperature m 

2%   Er:YLF is - 200ul due to 4S3/2 concentration quenching.  The mecha 

m sm for Er quenching is believed to be 

S3/2 ' I13/2'  -15/2 

and/or 

9/2 

■Q    • 4T     4I S3/2    19/2'  ^5/2 13/2 

in either case lI,_ U   pumped at 1/2 the rate of this orocess (as 
13/2 

the cascade f'-om Ig^ ca 

^ n r i.\    a    2.5 
11/2 

n be neglected due to the lonn lived 

•l,. „) or o> -   2.5 x in3 sec" 

We can compute tne population buildup due to non-radiative decay 

fn the time frame of laser oscillations.  We assume a fast flash pulse 

which provides some initial population N1 in the present of the  S^ 

decay rate.  Then the number of transitions per second 

4       4 
from  S3/2 to  1^/2 is 

25 
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Ja - -w K (t) ,  u ■ 2.5 x 103 sec'1 

or 

N (4S3/2) ■ N1 e",J,t 

and 

N (4I13/2) = N1 (1 - e"^) 

But the occupation factor of the terminal level of the laser trensi- 

tion is 0.11 of the '^]2/2   P0Pu''at-1'on> So 

N8(t) = 0.11 N1 (1 - •'"*) 

where N  ■ population density of the lower laser level.  Then 

AN(t) ■ N (4S3/2) - N,, ■ N1 [1 .nt'wt - 0.11] 

due to fluorescence and non-radiative decay. 

4.4.3.5 An Example 

We consider a 27   Er: YLF rod pumped with a Xe flashlamp appropri- 

ately filtered (water) to prevent direct pumping of  I]3/2-  The ternii- 

nal level population will rise due to non-radiative decay at a rate 

= 2.5 x 103 until oscillations begin; thereupon the pumping rate due 

to fluorescence can be neglected.  In this case the initial population 

is provided instantaneously and lasing held off for some time T.  The 

number of possible stimulated transitions/unit volume is 

■. 

.N(i ) - AN 
1.11 

where 

:\H{  0 ^ N1 [1 .lie'""- 0.11] 

26 
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is   the   i rivers 
ion   at   the   threshold   for  oscillations. 

Now   the  active 

27   Er:YLF   rod   is   No 
3   x   102U   ions/cm   ;   the   required 

17 . 
.3.1) is ANT ■ 2.9 x in" ions/cm . 

ion density in a 

inversion for oscillation (see 4.4 

Let Us assume the material is initially pu.ped at 5 x threshold or 

Ni . ,.5 x »öl»/«
3. andQ switched at , • 5Ü.S.  T.en the inltl.1 

aversion at the onset of oscillation is 

&N(i) ■ 0.87 N 

and the number of stimulated transitions/cm3 is 

r. f ' 
n 

ANft) - h% 

1.11 

- (0.87) IS x 1018 - 3.7 X 10 5 rrr 
17 

.«18  - 3 
=0.9x10  cm 

^responding to 0.? joules/cm3 at A - 0.85u«. 

In the case of an infinitely fast terminal level decay, under the 

same conditions 

n = /,N(T) - AN 

and  AN (T) = N e 

or 
18  -3 

n = 1 x 10  cm 

corresponding to 0.23 joules/cm . 

In the example cited approximately 0.5 joules a^e available in a 

T/4 x 3 inch rod Q switched bOus after a 
very short flash pulse pump' 

the ma 
terial to 5 x the threshold inversion 

At 10 x threshold this 

1/4 x 3 inch rod.  Whether or not other 
would be  1 joule from a 1/' 

,.et.r. «Ul .1.1» the ..tr..t.b.. enern, .- Q switch^ .p.r.tl.- 1. 

27 
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not yet c^ear.  However, the effects of the long ter.ina! level 

HftlM have been shown to be negligible under these (reasonable) 

assumptions in single shot operation. 

28 
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5.0  LASER MEASUREMENTS 

The focus of the laser measurements was to demonstrate repetitively 

pulsed operation and to determine the averaae power capahi1ities of rea- 

sonably sized laser rods.  In addition the polarization of the output 

and preliminary Q switched data are reported. 

5 . 1   SINGLE SHOT DAjA 

5.1.1 ROD 446.1a: 21 Er: 5.5 x 52 mm 

Figure 4 snows the long pulse input-utput characteristics 

using the followinq pump conditions: 

Flashlamp:  ILC 3 x 30 M  3000 Torr Xe 

Capacitor Bank:  50 nf, 22 »H. critically damped 

Resonator:  Plane parallel external mirrors, rod uncoated 

Note that only 30 mm of the rod was pumped.  The computed slope 

efficiencies are: 

97%R: 0.247. 

7Q%R:   0.4% 

In a separate experiment an estimate of the scattering loss of 

tins rod was obtained using the method of Findlay and Clay (!3,14)somewhat 

.edified to account for direct flashlamp pumping of the terminal level. 

The threshold condition for any laser oscillator can be expressed as 

R     R2   exp   2ft   (o   -   A)   =   1 

29 
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120 

O-SS^m LONG PULSE   INPUT vs OUTPUT 

Room    Temperature 

Rod     446-1 A 55x52 mm 

50 lit,        22  /JH 
Flashlamp: ILC   3 x30 mm,  3000 Torr Xe 

100 

20 
INPUT 

30 40 
(Joules) 

Figure   4 

30 

-J 
50 
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where 

or 

R  R  = reflectivities of the resonator mirrors 

a = (N  - Nf) a, the threshold qain 

N  = initial state population density 
< 

Nf = terminal state population density 

o = stimulated emission cross-section [cm   ) 

A = total internal loss coeff;cient/cm 

k f n ^7 •-I 
N  is the population of the terminal level in the  ^3/2 manifold 

at threshold.  An upper limit of the thermalized population of this 

level (N T) is estimated assuming the ground and first excited mani- 

folds are single states separated by 6600 cm'1.  Then, an upper bound 

for the terminal level thermalized population is 

N   ■ N  exp  (-6600/P07) 
-1 4 

3.2 x 10 '4 No . 

For 2%   Er YLF  N  = 3.^ x 1020 ions/cm3, thus N^ « 1 X 10 cm-. 

1 -19  2 
For reasonable values of A(.02cm" ) and o{10  cm ) 

A/o»N}, 

and HM   can be neglected/ 

However, the terminal level is pumped by the flashlamp via direct 

absorption and by relaxation from higher lying states.  The optically 

pumped terminal level population (Nf) cannot be estimated 

accurately.  Since the terminal level lifetime is lona, the lower 

31 
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level population at threshold cannot be ignored.  Thus we have 

YR ♦ A +  N 

where R 2£ tn IO 12 
Nf ■ optically pumped terminal state population at 

threshold 

We assume 

N . 
< 

AE 

BE. 
"f    —t 

whe.'e E* is energy into the flashlamp at thrftftiold and A and B 

are constants.  Because lasing is observed in this material A must be 

greater than B.  Substituting and rearranging we obtain 

IX^BT YR ♦ A 

(12) Following Findlay and Clay   , at zero output coupling 

(R.R- = 1, YR = 0) we have: 

to Tä^BT 

1 - jtnR 
2£A 

which is identical to the result for -~ four-level laser with a negli- 

gible optically pumped terminal level population (Nd glass or YAG). 

The scattering loss, A, is obtained by plotting the threshold energy 

vs -£nR; the measured slope of the line (m) is 

t, t 

m = "' 
32 
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and E.  is obtained by exl.rapol a t i nq the plot to zero output coupling 
o 

Laser measurements were made with rod 446.la (5.5 x 52 mm).  The 

onset of oscillation was monitored (with a Varoscope) as a function of 

coupling mirror reflectivity.  Care was exercised to assure that the 

data represented the effects of mirror reflectivity alone.  The onset 

of spiking could be reliably determined to + 10% of the computed 

energy.  The input energy (1/2 CV2) was computed from a careful mea- 

surement of the supply voltage. 

The reflectivity of the mirrors was determined with transmission 

measurements at normal incidence on a Gary 14 at 0.85 pm.  Because the 

laser rod was not AR coated, the rod faces and the mirrors constitute 

a Fabry-Perot resonator altering the coupling mirror reflectivity.^13^ 

The effective reflectivity for a Fabry-Perot cavity with unequal 

reflectivities is given by 

R1 -  (/F + /m2 

(15) 

(1 + /r R) 

where  R ■ the measured coupling mirror reflectivity 

r - the normal incidence reflectivity at 0.85 urn of 

Er3+:YLF 

To obtain r the index of refraction data of Shand^ was extra- 

polated to 0.85 um.  The extrapolated values are 

% I 1-441 (o) 

n
e ~ 1 .461 (TT) 

with corresponding reflectivities 

33 
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r  = U.Ü33 
o 

r  = 0.035 
e 

it normal incidence. 

Figure 5 shows a pi 
ot of the threshold observed with rod 446.1a 

vs -.nR1 (using r - 0.0^4) from which a loss coefficient 

A  ■  0.01 I 0.001cm' 

*4   .f« ■ fairlv high guality material. 
A U/c« scattermg loss indicates a fairly 

„f fhP rnd revealed many bands of small 
However, visual examination of the rod revea i 

•f^ai-inn  Since the measurement of A 
bubbles visible without magnification.  bince 

involves a measurement Y at threshold where only filamentary lasing 

may occur throughout regions of low scattering loss, it is possible 

that the 10SS coefficient in the buU material might be somewhat higher. 

5 1 2 ROD 448 Ztlt   -   1% Tm 

fr„„1..r, data has been obtained with tht. rod under the sa.e 

conditions described above. Lasino threshoid was observed at ,0 Joules; 

„„„ever at 300 oniy ^  was obtained.  The optica, quality of this rod 

•  i  fr« tn AAC la  above.  The poor lasing per- 
was "qualitatively equivalent  to 446.la, above. 

•  attributed ^o the presence of Tm3+ which quenches the upper 
formance is attributea -o uic ¥ 

User level (lifetime 90 »S compared to 220 ,s in 2%   Er). 

5 2 PPPgTITIVELV PULSED DATA 

Repetitively puise. data was ta.en in water cnoied ou.p C.»U1.. 

us„,3and5.5™mnErrods.  ,n a previ ous report > the out but was 

observed to extinguish after only a few seconds at iO Hz. Aconstnc- 

tion in the coolant line was 

With adequate water flow, > 

found to have stopped the water flow. 

,.1 nal/min, this behavior did not occu- 
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THRESHOLD vs MIRROR REFLECTIVITY 

45r Fr:YLr-Rod   4461a   (55x52 mm) 

Room    Temperature 

A = Total  Loss/cm 

A:   Eto    cm'1 

Fiqure   5 

35 
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5.2.1 ROD  446.2, 2% Er (3 x 23 mm) 

Long pulse operation at 20 pps was obtained under the following 

condi tions: 

1LC 3000 Torr 3 x 30 mm F1ashlamp: 

Laser Rod: 

Pump Cavi t>! 

Flashlamp/Rod 
Separation: 

Cooling: 

Energy Bank: 

Trigger Mode: 

Resonator: 

Rod Holders: 

Radiometry: 

446.2 Zt   Er3+:YLF 3 x 37 mm 
(Uncoated), 23 mm exposed 

Silvered cylinder radius ■ 0.38", 
length ■ 1 .5" 

0.436" 

Distilled water flooding the cavity 
Flow rate "v 1 qal/min 

C ■ 50 iif, L = 46 pH 

Parallel to cavity; EGG TM-ll 

Plane parallel , L '^ 0.5 meters 

Stainless - approximately 15 mm of rod 
shadowed 

Scientech 3620  Enem ../Power Meter 

Preliminary measurements were made with a 907   R output mirror; Using 

threshold was  7 joules.  Repetitively pulsed operation was obtained at 

20 pps with 30 mW average power.  The input power was not measured. 

Measurements were made at 4.2°C and 10°C with the input power 

monitored by directly observing the chancing voltage in an oscillo- 

scope (input power - 1/2 TV2 x rep. rate).  The output mirror reflec- 

tivity was »OS R.  At 4.20C, 40 mW were obtained at 20 pps with 

16J/pulse (320 watts input).  In single shot operation 3 ± 1 «0 was 

obtained at 16J input.  At 10oC, the same results (within * 10«) were 

obtained.  Experiments at fixed input energy/pulse (16 joules) indi- 

,ted that the average power output was nearly equal to the single shot 

36 
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output energy times 
the pulse repetition rate. 

Note tiiat the expen 

mts at low output energies 
i   „*. -in thp enerqy measureme mental erro*" In *n« WWWT^J 

«,0 mJ) I. quite inch due to «-Ift .. the eneroy ..t.r. 

The output -as vUuaUy monitored wUh a Varoscope viewioo a 

target .  ,0 „.tees ^ the e»U ape.tuee.  The spot size was aop.ox,- 

Mt.ly the .... as the He-Ne a,ignmeot ,aser ,di,ergeoce < , .D «hose 

exit aperture was approxi.ateiy the sa.e distance fro. the target. 

The .86 spot size -as not observed to ch..,. -i« repetition rate. 

No evidence of the saturation effects previousi, reported'3 were 

„.served.  Higher repetition rates were not attested as the averape 

issipation capabilities of the f,ash,amp were not known. 

Operation at 30 « at 20 pps for . hours continuousiy was obta^ed 

power d' 

with no degra 
dation of the output observed. 

5 2.2 ROD  446.1a, 2%  Er, 5.5 x 52 mm 
„ ■(-„ ^ nns was obtained under 

Repetitively pulsed operate at up to 33 pps 

the following conditions: 

Rod: 

Cavity: 

Flashlamp: 

Bank: 

Resonator: 

Cooli ng: 

With a 977 R Using threshold was 

37 

446.1a, 5.5 x 52 mm, 2« Er 

Cylindrical Ellipse (silvered) 

L = 75 cm, a = 33, b - 29 mm 

ILC 3 x 50, 3000 Torr Xe 

C ■ 50 uf, L - 100 ni: 

Plane parallel, length = 50 cm 

Distilled water - separate coolant loops 

(pyrex jackets) over rod and lamp, flow 

rate over rod 1.5 gal/min 

below 16 joules (800V) - the 
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flashlamp would not fire below this level.  The output energy at this 

input was   1 mJ.  With the power supply set at 800V, operation at 

20 pps was obtained, although at 20 pps, the actual voltaae (measured 

with a high voltage probe) was about 760 volts.  At 36 joules input, 

only 7 5 mW were obtained at 20 pps {97%   R).  In a separate experiment, 

operation at 33 pps was obtained at  30 joules/pulse input - this 

upper limit in repetition rate determined by the average power capa- 

bilities of the power supply. 

A maximum of 250 mW was obtained at 11 pps with 80 joules/pulse 

input (95' R).  The average power output was approximately the energy 

observed in single shot (at the same pumping level, 3X threshold) X 

the repetition rate. 

The relatively low energy/pulse output was, at first, puzzling in 

view of previous data which had been obtained with this rod in a more 

efficient pumping cavity (See Figure 4 ).  Figure 6 shows the input/ 

output characteristics in single shot operation taken in the cooled 

cavity after the repetitively pulsed experiments indicating far 

poorer slope efficiencies.  The poorer efficiency is due partly to the 

lower pumping efficiency of the cavity and an apparent increase in the 

number of scattering inclusions of the rod observed after the repetitively 

pulsed experiments.  Similar behavior was observed with this rod in single 

shot operation; .-in this case the output dropped after only a few shots 

in long pulse.  Performance was restored after part of the rod which 

had developed bands of inclusions was cut off and the rod refabricated. 

This behavior has n_ot been observed in any other Er  :YLF rod. 

Pumping efficiency in these data was low due to the cavity ineffi- 
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0 85jjm LONG   PULSE INPUT vs OUTPUT 

40r Room Temperature 
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ciency   and   the   use   of   „yrex/water   jackets   «Inch   mark   so-e  of   the   near 

„Ura   violet   pump   baods,     Obtainlno   higher  averane   power  was   li.nited 

by   U.p   loadin,   constraints.     Thenna,   fracture   of   the   rod  did   not   occur 

5 . 3     LASER   P0LARIZAT^_£[iO__^lCiilNi 

5.3.1 POLARIZATION 

Tne polarization of the output was measured with a calcite Glan 

prUi mounted internal and external to the cavity resenator.  Pump 

conditions were idenUcal to those described ^n 5.2.1.  Polarization 

measurements made external to the cavity In lonn pulse revealed two 

maxima separated by 180«.  At the transmission minimum (90° from the 

.aximum) some residual spU.ng was observed probably due to scattered 

Tight.  With the prism mounted internal to the cavity, oscillations 

we.e observed only in two orientations 180° apart at up to 2 x the 

threshold observed for the optimum orientation.  Upon removal of the 

rod, the polarization vector was found to be parallel to the C axis, 

as expected from the fluorescence spectrum. 

5.3.2 Q-SWITCHING 

O-switched outputs were obtained in the above geometry with the 

resonator extended to accon,odate the prisn, and KDP ,  The operatinc, 

parameters were: 

1/4 Wave Voltage: 9-7 KV 

Electrical Pulse Risetime: -v 10 ns 

Recovery Time: - 100 m5 

Reson tor Length: 0.6 meters 

Output Reflectivity: 4.5% T at 0.85 um 
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Q-switdiod outputs wore first obtained at " 40 joules input at 

up to 6 pps (only 4 mW output).  Typical [«u 1 sew i clths were 50 - 100 ns 

at FWHP for single pulses.  Superposed multiple pulses (two) were 

observed in some shots with combined halfwidths of "■ 150 ns .  In 

repetitively Q-switched operation, only 5 pps (4 mW) could be obtained 

without exceeding the average power dissipation capabilities of the 

flashlamp.  Input energy/pulse was 40 joules for  1 mj output.  Peak 

power outputs observed were   0.2 MW. 

Without the polarizer in the cavity, long pulse oscillations wore 

held oft (Q-switch voltage on, not switched) at up to 2 X threshold. 

Q-switcned pulses were obtained without the polarizer, however, in 

some cases, after pulsing was observed.  The after pulses exhibited 

the amplitude and width characteristics of long pulse spikes. 

In separate experiments, the effects of the cavity components on 

threshold were studied.  With an open resonator, threshold was 7 .b 

joules; addition of the polarizer (with unknown reflectivity at 0.85) 

increased the threshold to 1? joules in the optimum orientation.  With 

the polarizer and the KDP (no voltane), threshold was 13 joules. 

Q-switched threshold was 23 joules.  Laser damaqe was not observed in 

the rod or any of the components.  Q-switched performance was limited 

by losses in the KDP cell (previously damaged on another pronr.uii) and 

the calcite polarizer (AR coated at 2.06 pm) . 
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APPENDIX      I 

STRENGTH   MEASUREMENT (♦) 

The strength of aßYLF has been re-measured using a group of 

sables that were prepared in a manner to minimize the effect of sur- 

face damage.  The samples were cut from boule 140f and finished by 

lapping with diamond abrasive.  A final chemical polish of Syton* was 

used to leave a damage free surface on the side that was to be placed 

in tension during the test.  An attempt was made to chamfer the tension 

edges, but difficulties were encountered in the procedure. 

Surface microcracks and scratches are known to reduce the observed 

strength of all materials tested in tension, but their effect is 

greatest on materials that have little plastic flow before fracture. 

A scanning electron microscope was used to examine the tension surface 

of samples 2 and 3 after completion of the strength measurements.  Very 

little cracking was observed anywhere, although the fracture surfaces 

did appear to originate from flaws at the edges that probably existed 

prior to testing.  The tension surface of sample 3 was of such high 

quality that it was very difficult to focus the microscope on it at 

+Work performed 
*T-M-Monsanto Co 

under ARPA Order No. 1868, Contract No. DAAB07-73-C-0066 
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63000X without the aid of a small scratch or dust particle.  Sample 2 

showed some surface pits, indicatinq that it was not as well polished. 

The Strength was measured in an Instrom testing machine using 

a carefully aliqned four-point test fixture.  Sample dimensions 

were approximately 0.06 inches thick hy 0.19 inches in breadth. The 

modulus of rupture was calculated using the formula 

a  .  3P(c-a) 
f       ? 

2b"r 

where a, = modulus of rupture 

P = load at fracture 

c = distance between outer load points 

a = distance between inner load points 

b = specimen width 

and T = specimen thickness 

The observed strength of the samples is shown in Table A-I.  All 

samples broke between the inner load points. 

The data represents reasonably low scatter for strength measure' 

ments . 
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TABLE A-l 

STRENGTH OF aßYLF 

Composition Li YQ^ Er0>50 Tm0i067 HOQ 0034 ^ 

Boule 140f 

SPECIMEN 

1 

2 

3 

4 

Average 

STRENGTH 
psi 

4630 

4250 

5500 

4650 

4760 
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